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ABSTRACT
Since thin disc stars are younger than thick disc stars on average, some Galaxy for-
mation models predict that the thin disc started forming only after the thick disc
had formed, around 10 Gyr ago. Accordingly, no significant old thin disc population
should exist. Using 6-D coordinates from Gaia-DR2 and age estimates from Sanders &
Das (2018), we select ∼ 24000 old stars (τ > 10 Gyr, with uncertainties . 15%) within
2 kpc from the Sun. A cross-match with APOGEE-DR16 reveals comparable fractions
of old thin/thick disc stars. We show that the sample pericenter radius (rper) distri-
bution has three peaks, one associated with the stellar halo and the other two having
contributions from the thin/thick discs. Using a high-resolution N-body+Smooth Par-
ticle Hydrodynamics simulation, we demonstrate that one peak, at rper ≈ 7.1 kpc, is
produced by stars from both discs which were born in the inner Galaxy and migrated
to the Solar Neighbourhood. We estimate that, in the Solar Neighbourhood, ∼ 1/2
(∼ 1/3) of the old thin (thick) disc stars can be classified as migrators. Our results
suggest that thin/thick discs are affected differently by radial migration inasmuch as
they have different eccentricity distributions, regardless of vertical scale heights. Fi-
nally, we interpret the existence of a significant old thin disc population as evidence
for an early co-formation of thin/thick discs, arguing that clump instabilities in the
early disc offer a compelling explanation for the observed trends.
Key words: Galaxy: formation – Galaxy: evolution – Galaxy: structure – Galaxy:
disk – Galaxy: abundances – galaxies: abundances
1 INTRODUCTION
The Milky Way (MW) disc is a compound structure, as first
revealed by its double exponential vertical density profile
(Yoshii 1982; Gilmore & Reid 1983). The thin disc is char-
acterized by stars on low-eccentricity orbits and which, on
average, are younger than the thick disc. In turn, the thick
disc is more centrally concentrated, has a larger fraction of
stars on eccentric orbits and is older on average (see e.g.
Bovy et al. 2012; Mackereth et al. 2019; Ciuca˘ et al. 2020).
Additionally, the MW chemical abundance map ([α/Fe] vs
[Fe/H]) is bi-modal, with α-rich stars being more vertically
extended, in contrast to α-poor stars, and thus associated
? E-mail: lberaldoesilva@uclan.ac.uk (LBS)
with the geometrical thick disc1 (e.g. Adibekyan et al. 2011;
Bensby et al. 2014; Anders et al. 2014; Nidever et al. 2014).
Because the thick disc is old, modelling its formation
is intrinsically related to dating the earliest events in the
Galaxy’s evolution, and several possibilities have been con-
sidered, including the early accretion from disrupted satel-
lites (Abadi et al. 2003), heating of a proto-disc by a major
merger (Quinn et al. 1993; Kazantzidis et al. 2008; Villalo-
bos & Helmi 2008; Helmi et al. 2018), in-situ star formation
following a gas-rich merger (Brook et al. 2004), scattering
by clumps in an early gas-rich phase (Bournaud et al. 2009;
1 However, note that the discs defined chemically and geometri-
cally are not related one-to-one. In this work we adopt the chem-
ical definition.
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Clarke et al. 2019; Beraldo e Silva et al. 2020), radial mi-
gration (Scho¨nrich & Binney 2009b; Loebman et al. 2011),
direct in-situ formation from a turbulent thick gas disc (so
called “upside-down” formation – Bird et al. 2013), mergers
with subsequent cosmological inflow of gas along filaments
(Agertz et al. 2020) and the rapidly changing orientation of
the galactic plane (Meng & Gnedin 2020).
While some of these scenarios (notably the upside-
down) predict a sequential formation, with the geometric
thin disc significantly forming only after the thick disc, in
other scenarios the thin disc is expected to start forming si-
multaneously with the thick disc, with the consequence that
a significant population of old thin disc stars should exist.
For instance, Abadi et al. (2003) predict that ≈ 15% of cur-
rently (kinematically defined) thin disc stars should have
ages τ > 10 Gyr in the accretion scenario, while in the ma-
jor merger picture, the geometric thin remnant of the heated
disc should represent 15% − 25% of the total stellar mass
at the end of the merger, according to Villalobos & Helmi
(2008). Additionally, in the clumpy formation scenario, the
early disc develops clumps, which heat stars vertically (as
originally shown by Bournaud et al. 2009) and enrich the
medium with α-elements, producing a chemical bi-modality
(as shown by Clarke et al. 2019) and geometric thin+thick
discs similar to those observed in the MW (as shown by Be-
raldo e Silva et al. 2020). Thus, thin+thick disc co-formation
and an old thin disc population are natural predictions of
this scenario.
Whatever may be the case for the thin disc’s early for-
mation, there is evidence for it growing inside-out (as in,
e.g., Chiappini et al. 2001; Mun˜oz-Mateos et al. 2007; Bovy
et al. 2016) at later times, i.e. stars forming at progressively
larger radii, with the consequence that, at a fixed time, due
to their faster metal-enrichment, stars born at smaller radii
are typically more metal-rich than those formed in the outer
part of the disc. The observation of these trends is compli-
cated by radial migration (churning), which can move stars
inwards or outwards by several kpc on short timescales. This
mechanism changes the angular momenta of individual stars
without changing their radial actions and is more efficient for
nearly-circular orbits (see Sellwood & Binney 2002; Rosˇkar
et al. 2012). An important consequence is a net movement
outward of more metal-rich inner stars, as detected, e.g., in
APOGEE (Hayden et al. 2015), LAMOST+RAVE+Gaia-
DR1 (Vickers & Smith 2018) and in simulations (Loebman
et al. 2016) – see also Scho¨nrich & Binney (2009a).
Recently, Prudil et al. (2020) found evidence for a pop-
ulation of 22 RR Lyrae stars (which are older than 10 Gyr –
see e.g. Glatt et al. 2008; VandenBerg et al. 2013) with peri-
center radii peaking at rper ≈ 7 kpc, small vertical excursions
(zmax < 0.9 kpc), high metallicities and low α-abundances,
which they deemed a ‘conundrum’: how can an old pop-
ulation have chemical and kinematic properties typical of
the thin disc? And how, in apparent contradiction with an
inside-out growth, would this old population be located at
such large radii?
In this work, using the catalogue of Sanders & Das
(2018), in conjunction with chemical abundances from
APOGEE-DR16 (Ahumada et al. 2020; Jo¨nsson et al. 2020),
we confirm the existence of a significant population of old
(τ > 10 Gyr) thin disc stars in the Solar Neighbourhood and
the presence of a peak in the pericenter radii at rper ≈ 7 kpc
with contributions from both thin and thick discs. We fur-
ther interpret the existence of an old thin disc population
as evidence for an early co-formation of the thin and thick
discs, with the rper peak produced by radial migration of
both components. In Sec. 2, we present our data sample and
explain the orbit integration procedure, as well as the as-
sumed Galaxy model. In Sec. 3 we present our results sup-
porting an early co-formation of the thin and thick discs.
The location of the rper peak is investigated by means of
a N-body+SPH simulation in Sec. 4, where we show that
these stars must have formed in the inner disc and end up
at larger radii due to radial migration. In Sec. 5 we discuss
the implications of this finding for different scenarios of the
early evolution of the MW and, and in particular, for the
thick disc. We also discuss the differences of radial migra-
tion in the thin and thick discs and how our results solve the
apparent conundrum of thin disc RR Lyrae stars. Finally, we
summarize our conclusions in Sec. 6.
2 OBSERVATIONAL DATA AND ORBIT
INTEGRATION
We explore the extraordinary astrometric data from Gaia-
DR2 and age estimates from the value-added catalogue of
Sanders & Das (2018). This catalogue is based on data from
several spectroscopic surveys and provides distance, mass
and age estimates for ∼ 3 million stars. The catalogue also
provides Galactocentric cylindrical coordinates and veloci-
ties and, when available, IDs of stars identified in the spec-
troscopic surveys. We refer the reader to the original paper
for details.
From this catalogue, we select stars in the subsamples
of giants (defined as log g > 3 dex and log10(Teff/K) < 3.73),
and turnoff stars (defined as 3.6 < log g < 4.5 and
log10(Teff/K) < 4.1), for which the ages are most reli-
able, according to Sanders & Das (2018). We select old stars
(τ > 10 Gyr) within a distance from the Sun d < 2 kpc and
require age uncertainties στ < 1.5 Gyr. Additionally, we
require accurate parallaxes (|$/σ$ | > 5) and line-of-sight
velocities (|vlos/σvlos | > 5). Note that this last requirement
suppresses stars with small vlos, even if σvlos is as small as 1
km/s, mainly suppressing the contribution of near-by thin
disc stars. Thus, this is a conservative cut for the detection
of a significant population of old thin disc stars and does not
affect the conclusions of our work. In order to avoid stars
with age uncertainties which are too small, and which are
artificially produced by the model isochrone gridding, we
require σlog10 τ > 0.015dex, as suggested by Sanders & Das
(2018). Finally, we restrict to stars with the flag best=1
(stars with a match in Gaia and no duplicate observations
or observational problem detected). This results in a sample
of 23,857 stars, with a median age uncertainty of 0.99
Gyr (and maximum uncertainty of 1.5 Gyr, defined in the
quality cut).
We use the phase-space coordinates of our sample as
initial conditions and, using the agama package (Vasiliev
2019), integrate the orbits in the Galactic potential model
of McMillan (2017). We identify 62 unbounded stars, which
we exclude, leaving a sample with 23,795 bound stars. Each
orbit is integrated forwards for 10 dynamical times (i.e. for
∼ 2 Gyr), and we calculate the pericenter and apocenter radii,
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rper and rapo, respectively. The eccentricity is estimated as
e =
rapo − rper
rapo + rper
. (1)
Finally, for each orbit we also calculate the maximum height
from the Galactic plane zmax.
Additionally, when further splitting the data into thick
and thin discs, we cross-match with APOGEE-DR16 (Ahu-
mada et al. 2020; Jo¨nsson et al. 2020), resulting in a
sample of ∼ 1000 stars with accurate metallicities and α-
abundances. Rojas-Arriagada et al. (2019) showed that mag-
nesium is the α-element with most reliable abundance esti-
mates in APOGEE and we therefore use [Mg/Fe] to trace
the α-abundances.
3 OBSERVATIONAL RESULTS
We now show the results obtained from our sample of old
stars in the Solar Neighbourhood. We start analyzing the
distribution of eccentricities and pericenter radii, demon-
strating the presence of three peaks, one of which is at
rper ≈ 7 kpc. In Sec. 3.2, we cross-match the data with the
APOGEE-DR16, split the resulting sample into chemical
thin and thick discs and investigate the chemo-kinematic
properties of these components, showing their relative con-
tributions to the rper peaks. In Sec. 3.3 we present the first
evidence that the peak at rper ≈ 7 kpc is produced by radial
migration. This is further investigated with a high-resolution
simulation in Sec. 4.
3.1 Peaks in pericenter radius
Fig. 1, upper panel, shows contours for eccentricity versus
pericenter radius for our sample. The dashed lines repre-
sent two fixed values of apocenter radius rapo – see Eq. 1.
The absence of data with rapo < 6 kpc reflects the selection
of stars within d < 2 kpc from the Sun, given the Solar po-
sition R ≈ 8 kpc, while the vast majority of the stars have
rapo < 14 kpc. The distribution peaks along a line of approxi-
mately constant rapo, in 8 . rapo/ kpc . 9, which also must be
a selection effect given the Solar position and the larger time
stars spend near their apocenters. The contours suggest the
presence of three peaks: the first at (rper, e) ≈ (0.5 kpc, 0.9),
the second at ≈ (5−6 kpc, 0.25) and the third at ≈ (7 kpc, 0.1).
The lower panel shows the kernel density estimate
(KDE) of rper (i.e. of the projection of the upper panel on the
x-axis) using a Gaussian kernel with window width h = 0.07,
which was chosen by cross-validation (solid grey), where the
three peaks mentioned before can be seen more clearly. In or-
der to eliminate stars with extreme or unrealistic kinematic
properties, which can arise because of the assumed model for
the MW’s potential, we select stars with 6 < rapo/kpc < 14,
i.e. between the dashed curves in the upper panel. The rper
KDE for stars that satisfy this cut (black dashed in the lower
panel) is very similar to that of the total sample, with the
only noticeable difference being a small suppression of high
eccentricity orbits in the first peak. Since this peak is not
relevant for the analysis here, as explained below, in the rest
of the paper we use this restricted sample (N = 22,776 stars).
In order to check for the real significance of the peaks,
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Figure 1. Top: distribution of old (turnoff + giant) stars in eccen-
tricity, e, vs pericentric radius, rper, calculated with age estimates
and astrometric data from Sanders & Das (2018) – see Sec. 2. Bot-
tom: KDEs of rper: for the full sample (grey), for 6 < rapo/kpc < 14
(black dashed) and for this region and the most detailed KDE
producing 3 peaks (dashed red) at the positions shown by ver-
tical lines (see the text for details). A statistical test rules out
models with less than 3 peaks.
as opposed to random fluctuations, we perform the test pro-
posed by Silverman (1981). This test is based on the number
of peaks produced by KDEs of the data with varying window
widths. A very small window width produces a KDE with
many peaks, possibly over-fitting the data, while a KDE
with a large window width produces a reduced number of
peaks, possibly erasing important structure in the data. The
null hypothesis H0 to be tested is that the distribution has
k peaks against the hypothesis H1 that it has k + 1 or more
peaks. The test algorithm is as follows: for each number k
of peaks to be tested, starting from one, we define the criti-
cal window width hcrit as the minimum width to produce at
most k peaks. Then we check the statistical significance of
this hcrit by bootstrap, re-sampling the data and calculating
a new h∗crit for each sample. At a given statistical significance
α, we reject H0 if, for an appropriate quantity λα, the proba-
bility P(h∗crit/hcrit > λα) > 1 − α. The main advantage of this
method is that it is very generic, thus avoiding the assump-
MNRAS 000, 1–14 (2020)
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k hcrit PSilverman PHY
1 0.632 ≈ 1. ≈ 1.
2 0.530 ≈ 1. ≈ 1.
3 0.207 0.523 0.662
Table 1. Results for the test of statistical significance of rper
peaks in Fig. 1. The first column (k) is the number of peaks to
be tested; the second column indicates the critical bandwidth,
i.e. the minimum to produce at most k peaks; the third column
shows the probability for the number of peaks to be larger than
k in the original test of Silverman (1981); the forth column shows
the probabilities after the correction/calibration of Hall & York
(2001). Models with P > 0.95 can be excluded.
tion of Gaussianity, inherent in Bayesian Information Cri-
terion (BIC) and Akaike Information Criterion (AIC) tests
under a Gaussian Mixture Model – see Ivezic´ et al. (2014).
Note that by “peak” we mean a local maximum, as opposed
to a “bump” which is an interval where the curve is concave
(seen from below) but not necessarily a local maximum.
In the original test proposed by Silverman (1981), λα =
1, and this test is known to be conservative, i.e. less re-
strictive in rejecting models. For 1000 bootstrap samples,
we obtain the probabilities shown in the third column of
Table 1. Despite the conservativeness of the test, models
with k = 1 or k = 2 peaks can still be rejected with high sig-
nificance. Correcting and calibrating this test, Hall & York
(2001) obtained λα ≈ 1.13 for α = 0.05. Although this cali-
bration applies strictly to test for uni-modality (k = 1), we
also use it to test for larger numbers of peaks, obtaining the
probabilities shown in the forth column of Table 1. Once
more, models with k = 1 or k = 2 peaks can be rejected with
high significance, while a model with k = 3 peaks cannot
be excluded. Thus, the presence of (at least) three peaks is
confirmed with high statistical significance. This confirms
the findings of Prudil et al. (2020), who also detected the
presence of three peaks, although under the assumption of
Gaussian components and with a restricted sample (314 RR
Lyrae stars). This shows that this rper distribution is not
associated with any specific feature of their sample, but in-
dicates the presence of distinct Galactic components.
The red dashed curve in Fig. 1 (lower panel) is the rper
KDE obtained with the hcrit for three peaks from Table 1, i.e.
it represents the most detailed KDE having no more than
three peaks. The only, barely noticeable, difference with re-
spect to the black curve is the smoothing of the little wig-
gles. The three peaks are located at rper ≈ 0.59 kpc, 5.4 kpc
and 7.14 kpc (as indicated by the vertical red dotted lines).
Next, we analyze the chemical and kinematic properties
of stars in these three populations and use the results to
suggest their association with known structures in the MW.
3.2 Halo, thick and thin discs
The catalogue of Sanders & Das (2018) provides ages, 6-D
phase space coordinates and metallicities, but lacks informa-
tion on the α-abundances. For this, we cross-match the sam-
ple with APOGEE-DR16, which results in 1049 (turnoff +
giant) stars. The chemical abundances ([Mg/Fe] and [Fe/H])
for these stars from APOGEE-DR16 are shown in Fig. 2
(upper panel). Colours represent the different populations
represented by the separating straight lines (defined by eye,
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[Fe/H]
−0.2
0.0
0.2
0.4
0.6
[M
g/
F
e]
N = 1049
17%
54%
29%
0 2 4 6 8 10
rper [kpc]
0.0
0.2
0.4
0.6
0.8
1.0
e
zmax
0.3 kpc
1.0 kpc
5.0 kpc
APOGEE-DR16: τ > 10 Gyr
Figure 2. Chemical map (top) and eccentricity, e, vs pericen-
ter radius, rper, distribution (bottom), for the cross-match with
APOGEE-DR16. Colours represent different populations, split
using the straight lines, defining the halo (yellow), thick (red)
and thin (blue) discs, with the fractions of each component shown
in the top panel. Point sizes are proportional to zmax. The black
point in the top panel shows the median uncertainties in [Fe/H]
and [Mg/Fe]. Considering the peaks in Fig. 1, the first (from left
to right) is predominantly associated to the halo (α-rich, very
metal-poor and high zmax), while the second and third have signif-
icant contributions from the thick disc (α-rich, reasonably metal
poor and intermediate zmax) and the thin disc (α-poor, metal-rich
and small zmax). The top panel suggests that the thin/thick discs
were co-forming in the MW’s very first Gyrs, with comparable
star counts.
similarly to the definitions of e.g. Adibekyan et al. 2011;
Mackereth et al. 2019), which define regions for the stellar
halo (yellow), thick disc (red) and thin disc (blue). The black
point at the bottom left illustrates the median uncertainties
in [Mg/Fe] and [Fe/H], as reported in APOGEE-DR16. The
lower panel shows the distribution of these stars in the e vs
rper plot. In the two panels, point sizes are proportional to
zmax.
The most metal-poor and generally α-rich stars (yel-
low points) occupy the locus, in the chemical map, identi-
fied with the halo. These stars are typically clustered around
small rper and high e, and have large vertical excursions, with
MNRAS 000, 1–14 (2020)
Co-formation of thin and thick discs 5
zmax reaching & 10 kpc, which is consistent with our assign-
ment of these stars to the stellar halo, with a probable ac-
creted origin, as argued by Belokurov et al. (2018) and Helmi
et al. (2018). The red points represent stars with chemical
abundances typical of the thick disc, i.e. they are α-rich and
reasonably metal-poor. These stars spread across all values
of e and rper in the lower panel, but seem to cluster around
rper ≈ 5 kpc and e ≈ 0.25. Additionally, these stars have zmax
as large as a few kpc, which is also consistent with their
classification as thick disc stars. Finally, the α-poor, metal-
rich stars (blue points) spread around 4 . rper/ kpc . 8 and
e ≈ 0.2 and typically have small vertical excursions zmax,
compatible with their assignment to the thin disc.
At first sight the features just listed would suggest the
identification, from left to right in Fig. 1, of the first rper
peak with halo stars, the second peak with the thick disc
and the third peak with the thin disc. However, a closer
inspection shows that both the thin and thick disc compo-
nents contribute distinctively to each of the second and third
rper peaks, as we show in Sec. 3.3. Whatever the case may
be, the identification of three peaks, seemingly associated to
the halo, thin and thick discs, agrees with the results from
Prudil et al. (2020), although the position of the second peak
differs from the value rper ≈ 3kpc found in that work. This
reinforces their conclusion about the detection of the third
peak and its main relation to an old thin disc population,
while showing that it is not associated to any specific fea-
ture of their sample, but it represents a significant Galactic
component.
Our separation in the chemical space shown in Fig. 2 re-
sults in ∼ 17% of the stars in the halo, ∼ 54% in the thick disc
and ∼ 29% in the thin disc. However, these fractions should
not be considered as precisely describing the whole Galaxy,
since precise fractions would require a detailed analysis of
the APOGEE-DR16 selection function, which is beyond the
scope of this work. In the Appendix we apply different sim-
ple geometric and age cuts and show that the fractions of old
thin and thick disc stars typically vary around ∼ 20 − 30%
and ∼ 40 − 55%, respectively – see Table A1.
Most importantly, since [Fe/H] and [Mg/Fe] are con-
served over a star’s life-time, Fig. 2 shows that already in
the very first Gyrs of the MW’s evolution, not only the thick
disc but both chemical thin and thick discs were forming,
with comparable star counts. The conclusion is similar, al-
though with a poorer statistics, if we select stars older than
11 Gyr. In this case, the cross-match with APOGEE-DR16
results in only 573 stars (with median age uncertainty of
≈ 0.84 Gyr). Of these, 21% belong to the halo, 54% to the
thick disc and 25% to the thin disc – see Table A1. In Sec. 5,
we develop this conclusion and discuss the implications for
various scenarios of the formation of the thick disc.
In what follows, we focus on the thin and thick discs.
When referring to the rper peaks (see lower panel of Fig. 1),
we neglect the left-hand peak associated to the stellar halo,
and call the two remaining peaks, at rper ≈ 5.4 kpc and rper ≈
7.14 kpc, the low and high rper peaks, respectively.
3.3 Migrators and non-migrators in the thin and
thick discs
Fig. 3 shows the KDEs of chemical and kinematic quantities
for the thick disc (upper panel) and thin disc (lower panel).
First, in the left-hand column, we note that the thin disc rper
distribution has two peaks, one at rper ≈ 5 kpc and another at
rper ≈ 7 kpc, while the thick disc peaks at rper ≈ 5 kpc and has
a bump at rper ≈ 7 kpc. This shows that the low and high rper
peaks (second and third, from left to right in Fig. 1) have
distinct contributions from both the thin and thick discs,
although the thick disc contributes mostly to the low rper
peak, while the thin disc gives similar contributions to the
low and high rper peaks. This contrasts with the conclusions
of Prudil et al. (2020), who tentatively attribute the low rper
peak to the thick disc and the high rper peak to the thin disc.
Using a Gaussian Mixture Model (GMM) (Pedregosa
et al. 2011), we split the thin and thick discs rper distributions
into three Gaussians each, although only showing the two
relevant components (the third Gaussian, not shown, lies at
small rper and large e and is probably due to contamination
from the halo). These Gaussian components are shown as
dashed and dotted lines in the first column of Fig.3. With
these Gaussians, we define two subsamples, according to the
highest probability of belonging to one or the other Gaussian
component. In the other columns, the dashed and dotted
lines represent the KDEs of the corresponding quantities for
these fixed subsamples.
The second column shows that the thin disc eccentricity
distribution peaks at e ≈ 0.2 and extends to e . 0.7, while
the thick disc eccentricity distribution peaks at e ≈ 0.25
and is slightly broader. For both discs, the high (low) rper
subsample is characterized by lower (higher) eccentricities.
In principle, this could be seen as a simple manifestation of
the anti-correlation between rper and eccentricity expressed
by Eq. (1) and shown in Figs. 1 and 2. However, the presence
of the rper peaks and bumps (in both discs) indicates the
existence of a distinct population with rper ≈ 7.1 kpc, and
these results show that this population is characterized by
nearly-circular orbits.
The KDEs for [Fe/H] and [Mg/Fe] (third and fourth
columns) show that, for both the thin and thick discs, the
two Gaussian rper components (dashed and dotted curves)
have chemical distributions similar to that of the total sam-
ple (thick solid), thus indicating that the rper subsamples
are typical thin or thick disc samples, and not due to cross
contamination.
Although the origin of the high rper peak will be inves-
tigated further in Sec. 4.3 (where the same rper distributions
are reproduced in a simulation), the results just presented
allow us to anticipate that this peak is due to radial migra-
tion of stars near corotation of spiral patterns (churning).
In fact, nearly-circular orbits are the ones for which radial
migration is most effective (Sellwood & Binney 2002; Rosˇkar
et al. 2012). Additionally, radial migration does not heat the
orbits, i.e. it does not increase their eccentricities. This fur-
ther suggests that stars contributing to the high rper peak
migrated to their current location while preserving low ec-
centricities. Therefore, we call the stars composing the high
rper peak the migrators, and the ones composing the low rper
peak the non-migrators – see Sec. 4.3. In the GMM, 55%
of the thin disc stars are classified as migrators, while this
fraction decreases to 38% for thick disc stars – see Fig. 3.
Finally, the right-hand column shows that the thin
and thick discs have similar zmax distributions, peaking at
0.5 . zmax/ kpc . 1. Importantly, there is a large fraction of
chemical thick disc stars occupying the region associated to
MNRAS 000, 1–14 (2020)
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Figure 3. KDEs for kinematic quantities and chemical abundances for the thin and thick discs in the MW from APOGEE-DR16. The
rper distribution has two peaks/bumps for both discs, which we model as two Gaussian components, shown in the first column as dotted
and dashed curves. In the other columns, dotted and dashed curves show the KDEs of the respective quantities for these two subsamples.
The larger rper subsample (dotted) is characterized by lower eccentricities while the lower rper subsample (dashed lines) is characterized
by higher eccentricities. The chemical abundance distributions of these subsamples are very similar to that of the total sample inside
each disc, suggesting that the rper peaks/bumps are not due to contamination from the thin/thick discs.
the geometric thin disc, i.e. at small zmax. This large frac-
tion is partially due to the adopted geometric cut (d < 2 kpc),
which naturally suppresses the high zmax portion of the thick
disc. However, in the Appendix we show that even selecting
stars with |z | < 6 kpc, the fraction of chemical thick disc
stars with low zmax is still significant. Finally, it is inter-
esting to note that, for both the thin and thick discs, the
migrator and non-migrator subsamples (dotted and dashed
lines) have similar zmax distributions as the total samples
(solid thick).
4 N-BODY+SPH SIMULATION OF A
CLUMPY GALAXY
We now explore an N-body+Smooth Particle Hydrodynam-
ics (SPH) simulation of the formation of an isolated galaxy
which forms clumps in its early evolution. In these clumps,
the star formation rate density is high and supernovae type
II rapidly enrich the surrounding medium with α-elements.
The clumps scatter α-rich stars to high |z | (α-poor stars are
also scattered, but they are born further the clumps and
therefore are less likely to be strongly scattered), giving rise
to a geometric thick disc (similar to the mechanism pro-
posed by Bournaud et al. 2009). After ≈ 4 Gyr, the clumps
stop forming because of the declining gas mass fraction and
any remaining clumps are either disrupted or sink to the
centre; thus clumps only affect the early evolution of the
galaxy. This scenario was recently shown to naturally pro-
duce a chemical bimodality (Clarke et al. 2019), density pro-
files (Beraldo e Silva et al. 2020) and a Splash population
(Amarante et al. 2020b) very similar to those observed in the
MW (Holtzman et al. 2018; Mackereth et al. 2017; Belokurov
et al. 2020). Finally, as mentioned in the Introduction, this
scenario naturally predicts a co-formation of the thin and
thick discs.
In this section, we first show that the clump scenario
reproduces the observational trends discussed above. Then,
we analyze the simulation’s time evolution to unravel the
secular evolution driving the Milky Way to exhibit those
trends.
4.1 Simulation details
For the initial conditions, we use a 5× higher mass resolu-
tion version of that described in Clarke et al. (2019). A gas
corona with 5 × 106 particles in hydrostatic equilibrium is
placed within an NFW (Navarro et al. 1997) dark matter
halo which constitutes 90% of the total mass. The virial ra-
dius and mass of the dark matter halo are r200 ' 200 kpc and
M200 = 1012 M, respectively, and it also has 5×106 particles.
While the gas corona has the same radial density profile, it
constitutes only 10% of the mass. No additional baryons or
stars are present at t = 0. The spin parameter of the gas
corona is set to λ = 0.065 (Bullock et al. 2001). The gas
corona and the dark matter halo have softening lengths of
 = 50 pc and  = 100 pc, respectively. Star particles forming
from the gas also have a softening of  = 50 pc.
These initial conditions are evolved for 13 Gyr with
gasoline (Wadsley et al. 2004, 2017) with sub-grid mod-
els for the gas cooling, star formation and feedback. Gas
cooling includes the metal-line cooling of Shen et al. (2010).
The gas cools and settles into a disc. Once its density ex-
ceeds a certain threshold (set to 0.1 cm−3), star formation
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starts (with an efficiency set to 5%) from gas particles with
temperature below 15,000 K which are part of a converg-
ing flow. We use the blast wave supernova feedback (Stin-
son et al. 2006), which couples, as thermal energy, 10% of
the 1051 erg per supernova to the interstellar medium. Gas
mixing uses turbulent diffusion as described by Shen et al.
(2010). A base timestep of ∆t = 5 Myr is used, with timesteps
refined such that δt = ∆t/2n < η√/ag, where we set the
refinement parameter η = 0.175. We set the opening an-
gle (for the tree-code gravity calculation) to θ = 0.7. The
timesteps of gas particles additionally satisfy the condition
δtgas = ηcourant h/[(1+α)c+ βµmax], where ηcourant = 0.4, h
is the SPH smoothing length set over the 32 nearest neigh-
bour particles, α and β are the linear and quadratic viscosity
coefficients and µmax is described by Wadsley et al. (2004).
Oxygen and iron yields from SNII and SNIa are taken
from Raiteri et al. (1996). As in Raiteri et al. (1996), we use
Padova stellar lifetimes to determine SNII rates, while SNIa
rates are determined from those same lifetimes in a binary
evolution model.
We use data from the last snapshot, at 13 Gyr, and select
star particles older than 10 Gyr at the Solar torus, i.e. within
a torus defined by circles at R = 8 ± 2 kpc, for an approxi-
mate match with the selection criteria used for the MW.
For brevity, we will refer to this region as the Solar Neigh-
bourhood in the simulation. We compute the total gravi-
tational potential at this final snapshot and integrate each
orbit for 10 dynamical times using agama (Vasiliev 2019).
Finally, we calculate pericenter and apocenter radii, as well
as eccentricities, using Eq. (1), and zmax.
4.2 Simulation results and comparison to the MW
Fig. 4 shows a 2D histogram in the abundance map ([O/Fe]
vs [Fe/H]) for old star particles (τ > 10 Gyr) produced in
the simulation. The immediate conclusion from this plot is
that, as in the MW, the simulated galaxy has already devel-
oped the chemical bi-modality associated to the thick/thin
discs in the very first Gyrs of its evolution, indicating a rapid
formation of the thick and thin discs. The straight lines in
this plot are traced to define chemical thick and thin discs
(above and below the dashed lines, respectively) to be used
in the subsequent analysis, similar to those defined in the
MW – see Fig. 2 (upper panel). The thick disc comprises
37% and the thin disc, 49% of the total. If we instead se-
lect star particles older than 11 Gyr, we have 49% for thick
disc and 34% for thin disc. Although these numbers do not
match in detail the fractions obtained in the cross-match
with APOGEE-DR16 (see Fig. 2 and Table A1), they can
be considered as a good approximation, given the uncertain-
ties and possible selection effects in the observational data
and the intrinsic simplicity of a simulated isolated galaxy.
Fig. 5 (upper panel) shows the distribution of stars in
the rper vs e plane of the simulation (N = 531,519 star par-
ticles). As in the MW (Fig. 1), the data peak along a line
of approximately constant rapo, at 8 . rapo/kpc . 9, and is
mostly concentrated in the region 6 . rapo/kpc . 14 (dashed
lines), reflecting the same selection effects present in our
MW sample, as described in Sec. 3.1. The bottom panel
shows the rper KDE for this sample (full grey) and after the
restriction to the region 6 . rapo/kpc . 14 (dashed black),
which reduces the sample to N = 513,907 star particles. We
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Figure 4. 2D histogram in chemical space for old stars in the
simulation. Like in the MW (Fig. 2), a chemical bi-modality is
already present in the very first Gyrs of evolution. Dashed lines
define the chemical thick and thin discs.
can see that this restriction leaves the KDE essentialy iden-
tical to the original one. We use this restriction in the rest
of the analysis for the same reason as we did with the MW
data, i.e. to avoid orbits with extreme or unrealistic kine-
matic properties, which can be introduced by the assumed
potential.
Note that the simulated galaxy lacks the first peak at
rper ≈ 0.5 kpc, which in the MW is associated with the ac-
creted halo; this identification is strengthened by the fact
that the simulated galaxy evolves in isolation, with no ac-
cretion events. The two other peaks observed in the MW
are clearly present in the simulation, at rper ≈ 3.5 kpc and
rper ≈ 6 kpc, respectively. The positions of these peaks differ
from those in the MW (see Fig. 1), as well as the eccen-
tricity values at the peaks. However, these differences are
not fundamentally important for our conclusions, since we
are interested in comparing the trends, while the simulated
galaxy is not intended to be an exact replica of the MW.
Next, we show that indeed these two peaks are mostly, but
not only, composed of thick and thin disc stars, respectively.
For a better comparison with the MW, in what follows we
exclude the most metal-poor star-particles, i.e. those to the
left of the solid line in Fig. 4.
Fig. 6 shows the KDE of the kinematic quantities and
chemical abundances obtained in the simulation, for the
thick disc (upper panels) and thin disc (bottom panels), to
be compared to Fig. 3. The left-hand column shows that
the rper distributions of both thin and thick discs are bi-
modal: the thick disc peaks at rper ≈ 3 kpc and has a bump
at rper ≈ 6 kpc, while the thin disc has a peak at rper ≈ 4 kpc
and another, of slightly larger amplitude, at rper ≈ 6 kpc. The
relative amplitudes of these peaks and bumps show a good
agreement with those observed in the MW – see Fig. 3.
We repeat the procedure used for the MW and use a
GMM to split the rper distributions of the thin and thick
discs into two Gaussian components each (dashed and dot-
ted curves in the left panels). Then, for subsamples defined
according to the highest probability of belonging to one or
the other Gaussian component, we calculate the KDEs of
other quantities, shown in the respective panels of Fig. 6.
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Figure 5. Top: distribution of old stars in eccentricity, e, vs peri-
centric radius, rper, for the Solar Neighbourhood of the simula-
tion. Bottom: KDEs of rper: for the full sample (grey) and for
6 < rper/kpc < 14 (black dashed). As in the MW (Fig. 1), we iden-
tify two peaks, mainly (but not only) associated with, from left to
right, the thick and thin disc, respectively. The peak associated
to the accreted halo in the MW is not present, since the simulated
galaxy evolves in isolation.
The second column shows that the eccentricities in the
thin disc peak at e ≈ 0.2 and have a narrower distribution
than the thick disc, which peaks at e ≈ 0.35. However, the
thin disc has a tail for large eccentricities and both distri-
butions are broader than those in the MW (second column
in Fig. 3).
The third and fourth columns show the KDEs for
[Fe/H] and [O/Fe], respectively. The subsamples (dotted and
dashed lines) have KDEs very similar to the total samples,
indicating that, as in the MW, the peaks and bumps in the
rper distribution are not due to contamination between the
thin and thick discs. Finally, the right-hand column shows
the zmax distribution. The thick disc distribution is broader
than that of the thin disc. It is interesting to note that the
simulation zmax KDE is bi-modal, while this bi-modality is
apparently not present in Fig. 3. However, this bi-modality,
associated to discrete tracks in a plot of zmax vs rapo, has
been observed in larger samples in the MW (Haywood et al.
2018), and shown to result from the presence of different or-
bital families in the adopted axisymmetric potential model
– see Amarante et al. (2020a).
Thus, we conclude that the simulation is able to re-
produce the features observed for the old stars in the MW,
mainly:
• in the very first Gyrs of evolution, the galaxy already
has a well established chemical bi-modality comprised of the
thin and thick discs, with relative contributions comparable
to those in the MW;
• the rper distribution has two peaks that can be mainly
attributed to the thin and thick discs, although both peaks
have contributions from both discs and this is not due to
contamination;
• ∼ 1/2 of the thin disc stars are associated to the high
rper peak (at ≈ 7 kpc in the MW and at ≈ 6 kpc in the
simulation), while that fraction is ∼ 1/3 for the thick disc;
• stars that mostly contribute to the high rper peak are
those with smaller eccentricities; and finally,
• a significant fraction of chemical thick disc stars have
low zmax, i.e. overlap with the geometric thin disc.
In what follows, we analyze the evolution of the simu-
lation to show that stars contributing to the high rper peak
formed at smaller radii and moved outwards due to radial
migration, suggesting that the same happened in the MW.
4.3 Time evolution and radial migration
4.3.1 Migrators all over the disc
We start this section by comparing the current position (at
t = 13 Gyr) of old star particles on nearly-circular orbits with
the position they had at t = 5 Gyr. This earliest snapshot
is chosen right after the early turbulent period when the
clumps are still present, since we are now interested in the
subsequent secular evolution. We select star particles older
than 10 Gyr, but without any geometric cut. For each particle
we calculate the so-called circularity λc = Lz/Lc(E), where
Lz is the z-component of angular momentum and Lc(E) is
the angular momentum of a circular orbit at the same energy
E. Then, we select particles on nearly-circular orbits (λc >
0.9) and split this sample into chemical thin and thick discs
(as defined in Fig. 4).
Fig. 7 shows 2D histograms of the cylindrical radius
at different times, R(t = 13 Gyr) vs R(t = 5 Gyr) for this sam-
ple, split into thin (left) and thick (right) discs. Colours in
the top row represent total numbers, while the histograms
in the bottom row are column-normalized. If particles kept
on orbits at the same radii they had at early times, they
would concentrate along the diagonal dashed line. However,
we observe a large spread, i.e. large changes in radii, with
a significant fraction of particles changing radii by several
kpc. Since we select particles on nearly-circular orbits, we
suppress from these plots the possibility of migration by
blurring, i.e. by oscillations around the guiding radii. Thus,
Fig. 7 shows the effect of radial migration (churning) all over
the disc, i.e. particles moving from nearly-circular orbits to
other nearly-circular orbits, as originally proposed by Sell-
wood & Binney (2002). Importantly, although the number
of nearly-circular orbits in the thick disc is smaller than in
the thin disc, as shown in the top panels, those orbits are
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Figure 6. KDEs for kinematic quantities and chemical abundances for the chemical thin and thick discs in the simulation. As in the MW
(Fig. 3), both discs have two peaks/bumps in the rper distribution, split into the two Gaussians shown as dotted and dashed curves in the
first column. In the other columns, dotted and dashed curves show the KDEs of the respective quantities for these two subsamples. The
larger rper subsample (dotted lines) is characterized by lower eccentricities while the lower rper subsample (dashed lines) is characterized by
higher eccentricities. As in the MW, the chemical abundance distributions of these subsamples are very similar to that of the total sample
for each disc, suggesting that the rper peaks/bumps are not due to contamination from the thin/thick discs. The relative amplitudes of
the two rper peaks/bumps in the thin and thick discs are similar those observed in the MW – see Fig. 3.
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Figure 7. 2D histograms of (cylindrical) radii R(t = 13 Gyr)
vs R(t = 5 Gyr) for old star particles on nearly-circular orbits,
split into thin/thick discs (left/right). The top panels are colour-
coded by total numbers, while the bottom panels are column-
normalized. The large spread around the diagonal shows the ef-
fect of radial migration (churning) produced by spiral arms. Ra-
dial migration affects the thin and thick discs similarly, although
particles on nearly-circular orbits (those most affected) are less
numerous in the thick disc.
similarly affected by radial migration in the two discs, as
shown in the bottom panels.
For a more compact representation of the effect of radial
migration, we calculate the change ∆R ≡ R(13 Gyr) − R(5 Gyr)
for each star particle on nearly-circular orbits (as previously
defined) and estimate the KDE of ∆R, which is shown in
Fig. 8, with the blue (red) curve representing the thin (thick)
disc. It is clear that the two discs are similarly affected by
radial migration: both KDEs have a narrow peak near ∆R =
0, and are positively skewed, i.e. have a longer tail to the
right, indicating a net movement outwards, a consequence of
the density decrease outwards. The root-mean-square (rms)
change in radius is ∼ 2.3 kpc for the thin disc (similar to the
value found by Rosˇkar et al. 2008) and ∼ 2.1 kpc for the thick
disc. This can be contrasted with the rms radial change due
to radial migration modelled by Frankel et al. (2020). With
a sample spanning 5 . R/ kpc . 13, these authors find that
for MW thin disc stars 〈(∆R)2〉1/2 ∼ 2.6 kpc√τ/6 Gyr. For
τ = 8 Gyr (the time between the two simulation snapshots
we are considering), this results in 〈(∆R)2〉1/2 ∼ 3 kpc, while
applying the same geometric cut in the simulation, we find
〈(∆R)2〉1/2 ∼ 2.6 kpc for the thin disc. We conclude that the
extent of migration in the simulation is comparable to that
of the MW.
4.3.2 Migrators in the Solar Neighbourhood
Having shown the effect of radial migration all over the thin
and thick discs, we now investigate its role in producing the
high rper peak shown in Figs. 1, 3, 5 and 6. We go back to
the original geometric cut and select, in the final snapshot
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(blue) and thick (red) discs. Both KDEs peak near ∆R = 0, but
have long tails, with star particles migrating by several kpc. The
positive skewness indicate a net movement outwards.
(t = 13 Gyr), star particles older than 10 Gyr in the Solar
Neighbourhood (a torus defined by circles at R = 8 ± 2 kpc).
Then, we track these same particles at different snapshots
from 5 Gyr to 13 Gyr. At each snapshot, we integrate the par-
ticles orbits in the respective potentials and determine the
peri and apo-center radii and eccentricity for each particle.
Finally, we calculate the KDE of these quantities at each
snapshot.
Fig. 9 (two left columns) shows the rper KDEs (solid
lines) for the thin disc (blue) and thick disc (red) at dif-
ferent snapshots (rows). Similarly to the procedure used in
Figs. 3 and 6, at the final snapshot (bottom panels), we
split our rper sample into two Gaussian components using a
GMM (dashed and dotted curves in the bottom panels) and
use these components to define two subsamples. Then, for
these fixed subsamples we calculate, at each snapshot, the
rper KDEs, shown as dotted and dashed curves in the re-
maining plots (weighted according to the Gaussian weights
obtained at the final snapshot).
At 5 Gyr, for both the thin and thick discs, the full sam-
ple distributions (thick solid lines) are unimodal, peaking
at rper ≈ 4 kpc for the thin disc and at rper ≈ 3 kpc for the
thick disc, which must reflect differences in average forma-
tion radii for these two components. From top to bottom
panels, we see that while the positions of these peaks are
approximately conserved, the distributions get progressively
positively skewed, until another peak appears at rper ≈ 6 kpc
for the thin disc and a bump at this same location for the
thick disc.
For both the thin and thick discs, while the low rper
Gaussian component (dashed) stays approximately fixed at
the same position for different snapshots, the high rper com-
ponent (dotted) moves to the right and becomes skewed
to large values, producing the high rper peak at the final
snapshot. This shows that the high rper peak is character-
ized by stars which, on average, formed in inner radii and
move outwards. The hashed regions in Fig. 9 are defined as
those star-particles which, at the final time, have rper > 7 kpc
(rper > 6 kpc) for the thin (thick) disc. These are the values
beyond which the contribution from the low rper peak Gaus-
sian component is negligible, thus showing the effect of mi-
gration in a cleaner way, with some star-particles moving at
least 4 kpc outwards in 2 Gyrs (from 11 Gyr to 13 Gyr).
Besides the general tendency of a net movement out-
wards observed in Sec. 4.3.1, this is a consequence of the
inside-out growth of the galactic disc and the fact that we are
selecting old stars in the Solar Neighbourhood, which was
poorly populated at early stages of the galaxy. Stars can
visit the Solar Neighbourhood by oscillating around their
guiding radius (blurring, most relevant for eccentric orbits)
or via radial migration (churning). As already mentioned
in Sec. 3.3, the two most important features of radial mi-
gration is that it is more effective for low-eccentricity orbits
and that it does not significantly change these eccentricities.
In other words, radial migration (churning) typically moves
stars from circular orbits to other circular orbits (Sellwood
& Binney 2002; Rosˇkar et al. 2012). In Fig. 6, we showed
that the high rper component is the one with the lower ec-
centricities, in agreement with the MW (Fig. 3). Moreover,
Fig. 9 (two right columns) shows the KDEs of the eccen-
tricity at the same times and for the same samples as in
the left panels. The eccentricities for those stars which will
produce the high rper peak in the left panels (dotted lines)
do not show a significant evolution. On the other hand, it is
interesting to note that the other subsample, which will pro-
duce the low rper peak in the two left columns (dashed lines)
shows some evolution over time, moving the left-hand tail
to the right, i.e. with any low-eccentricity orbits gradually
becoming more eccentric (heating).
Therefore, these results strongly suggest that the pro-
cess responsible for moving that population outwards and
producing the high rper peak (in both the simulation and in
the MW) is radial migration (churning), which justifies call-
ing this population ‘the migrators’ (and calling the low rper
peak ‘the non-migrators’).
5 DISCUSSION
5.1 Implications for the disc formation
As mentioned in the Introduction, some theoretical models
predict a sequential formation of thin and thick discs, with
the thin disc becoming a significant component only after
the thick disc has formed. In such scenarios, one should not
expect to find a significant population of old thin disc stars.
In Sec. 3 we showed several lines of evidence for such a pop-
ulation in the MW – see Figs. 2 and 3, with thin (thick)
disc stars comprising 29% (54%) of the sample. The exis-
tence of a significant old thin disc population suggests that
the thin disc starts forming earlier than generally assumed,
having a large formation time overlap with the thick disc,
and this is the main result of this work. Therefore, models
which predict a sequential formation of the thin/thick discs,
such as the upside-down scenario, are disfavored by our re-
sults. Also disfavoring this scenario is our finding of a large
fraction of chemical thick disc stars with low zmax (peaking
at zmax ≈ 1 kpc – see Fig. A1), which suggests two possible
explanations: either, in line with the upside-down scenario,
these low zmax stars were born at high |z | and settled to the
geometric thin disc, or the chemical thick disc stars were
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Figure 9. Left: time evolution of the rper KDE in the thin (blue) and thick (red) discs of the simulation. Old star-particles (τ > 10 Gyr)
are selected and split into two Gaussians at t = 13 Gyr, and these fixed samples and subsamples are analyzed at earlier times (the
same particles are considered in all snapshots). Right: time evolution of the eccentricities KDE in the thin and thick discs for the
same fixed samples defined in the left panels. In both thin and thick discs, the low rper subsample (dashed lines) is that associated to
higher eccentricities (as shown in the right panels), and thus is less affected by radial migration, staying approximately fixed in place
(the non-migrators). The high rper subsample (dotted lines) is that on nearly-circular orbits, and thus is significantly affected by radial
migration and tends to move outwards (the migrators) and to develop a positive skewness. At t = 13 Gyr, the migrators produce the high
rper peaks. The hatched areas show samples selected at t = 13 Gyr as those with rper > 7 kpc (rper > 6 kpc) for the thin (thick) disc, just
to show the effect in a cleaner sample, i.e. less contaminated by non-migrators. Overall, the migrators eccentricity distributions (dotted
lines) are conserved over the evolution. This agrees with expectations for radial migration, which changes orbits guiding radii without
kinematically heating them. On the other hand, the non-migrators exhibit some heating, with nearly-circular orbits at t = 5 Gyr getting
more eccentric with time.
born at low |z | and a fraction of these stars were scattered
to high |z |, leaving a significant fraction at low zmax. Since
stars constitute a collisionless component, one expects them
to get kinematically hotter under secular evolution (unless
some fine-tuned mechanism is advocated to kinematically
cool these stars), thus making the second possibility more
plausible.
On the other hand, some models do predict an early co-
formation of thin and thick discs and thus the existence of
a conspicuous old thin disc population. For instance, in the
accretion model, Abadi et al. (2003) predict that 15% of the
current thin disc stars should be older than 10 Gyr. In this
picture the old thin disc population is built up from several
disrupted satellites, each with unique chemical signatures,
merger geometry and kinematics. Thus, Abadi et al. (2003)
predicted that this old thin disc population should show dis-
tinct chemo-kinematic substructures or correlations. In our
sample of old stars, the subsamples of stars classified as mi-
grators and non-migrators (based on rper, which is similar
to splitting by eccentricity) have chemical abundance distri-
butions very similar to the total samples – see Fig. 3. This
suggests that the correlations predicted in the accretion sce-
nario are not observed in the MW.
In the major merger scenario (Quinn et al. 1993; Vil-
lalobos & Helmi 2008; Helmi et al. 2018), the thick disc is
produced by one major merger whose progenitor is massive
enough to vertically heat a proto-disc, and consequently an
old thin disc remnant is expected. Villalobos & Helmi (2008)
predict that the mass fraction of this remnant thin disc is
15%−25% of the total stellar mass at the end of the merger.
Note that this prediction refers to a geometric definition of
the thin disc, while the chemically defined thin disc is gen-
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erally seen as forming only after the merger (see e.g. Grand
et al. 2020), in which case the significant old chemical thin
disc population found in this work is unexpected. On the
other hand, if a chemical thin disc population were present
in the proto-disc, a significant fraction of these stars should
have been vertically heated and should have large zmax, sim-
ilar to thick disc stars. However, the thin disc zmax distri-
bution does not extend as much as the thick disc to large
values (compare the dashed curves in Fig. A1, where we se-
lect stars with |z | < 6 kpc). Thus, also the major merger sce-
nario seems disfavored by our results. Additionally, possible
concerns with this scenario have been recently raised on the
basis of asteroseismic age estimates of thick disc stars. Mon-
talba´n et al. (2020) applied this technique to estimate ages
(within ∼ 10%) of a sample of metal poor stars ([Fe/H]<-
0.5), finding that part (if not all) of thick disc stars are as
old as (or even slightly older than) the stars accreted in the
last major merger, thus concluding that this event was not
the main trigger to the formation of the thick disc.
Whatever the case may be, these discussions suggest
that the formation of the thick disc is still puzzling and this
should motivate further studies of alternative scenarios. A
compelling possibility is offered by the clumpy scenario ex-
plored in our simulation (Sec. 4). In this scenario, the early
galaxy forms clumps and there are two main star forma-
tion channels: α-rich stars are born in clumps and tend to
be scattered to high |z | and reasonably large eccentricities
(forming the thick disc), while the formation of α-poor stars
is more broadly distributed over the disc. This scenario has
been shown to generate a chemical bi-modality, geometric
thin+thick discs and a Splash population in good agreement
with those observed in the MW (Clarke et al. 2019; Beraldo e
Silva et al. 2020; Amarante et al. 2020b). Most importantly,
a direct prediction of this scenario is an early start for the
thin disc formation, with a large time overlap with the thick
disc formation – see Fig. 11 from Clarke et al. (2019). Addi-
tionally, this scenario also naturally predicts that a fraction
of the chemical thick disc should overlap with the geometric
thin disc, i.e. should have low zmax, as we found in this work
for the MW – see Fig. A1.
5.2 Radial migration: thin disc vs thick disc
The analysis of Sec. 4.3 showed evidence for the role of radial
migration in the simulation, changing the guiding radii of
stars in nearly-circular orbits typically by 〈(∆R)2〉1/2 ∼ 2 kpc
in a few Gyr. We showed that a consequence of this is the
appearance of a peak in the rper distribution of old stars,
with properties very similar to those found in the MW. In-
terestingly, this evidence is present in both the thin and thick
discs – see Fig. 9.
Going back to Fig. 6, we can now evaluate differences
in the relevance of radial migration for the thin and thick
discs. As already mentioned, the migrators are character-
ized by low eccentricities, while non-migrators are charac-
terized by higher eccentricities. On the other hand, inside
the thin or thick discs, the zmax distribution in our simula-
tion (right-hand panels in Fig. 6) is similar for migrators and
non-migrators (dashed and dotted curves). This shows that
whether a star will be affected by radial migration depends
essentially on its eccentricity, but not much on its vertical
excursion amplitude, in agreement with the conclusions of
Solway et al. (2012). In other words, the extent to which
thin and thick discs are differently affected by radial migra-
tion is determined by their eccentricity distributions, and
not by their different scale heights: the thin disc is more af-
fected by radial migration because most of its orbits have
low eccentricities, while the fraction of nearly-circular orbits
in the thick disc is lower and it is in this sense that one
can say that the thick disc is less affected by radial migra-
tion. In fact, for particles in nearly-circular orbits all over
the disc, thin and thick discs are equally affected by radial
migration – see Fig. 8. Moreover, selecting particles at the
Solar Neighbourhood, and judging by the similarity of the
rper KDEs of thin and thick discs at 5 Gyr (Fig. 9) and the
similar positions of the high rper peak (due to migrators) at
13 Gyr, one can say that the migrators in both the thin and
thick discs are equally influenced by radial migration, i.e.
move by similar amounts in the same time interval.
In a recent paper, Mikkola et al. (2020) also concluded
that the vertical excursions are not of much relevance to
radial migration in simulated galaxies if the disc is more
dominant with respect to the dark matter halo, while verti-
cal excursions can be more relevant to radial migration for
galaxies with more dominant halos. Thus, the relative con-
tribution of the disc and halo masses can have some impor-
tance on our results regarding the simulated galaxy and the
MW. Interestingly, Cole & Binney (2017) find that baryons
dominate the MW’s gravitational potential in the disc out
to about the Solar Neighbourhood, which, considering the
conclusions of Mikkola et al. (2020), reinforces our finding
of a significant migration in the thick disc of the MW.
5.3 The conundrum of RR Lyrae in the thin disc
As discussed in the Introduction, in sequential formation
scenarios, where the thin disc only forms after the thick disc
has formed, RR Lyrae (which have ages & 10 Gyr ) are not
expected to be found in the thin disc. The recent detection
of a population of thin disc RR Lyrae then appears as a
conundrum (Prudil et al. 2020) in such scenarios. One solu-
tion of this conundrum was proposed by Iorio & Belokurov
(2020). Using a simple of ∼ 70,000 RR Lyrae in Gaia-DR2,
they confirmed a sub-population with high rotational veloc-
ity and low |z |, typical of the thin disc. They found that their
velocity dispersion is almost a factor of 2 smaller than that
of a sample with age τ = 10 Gyr; comparing with the empiri-
cally determined age-velocity dispersion relation of Sharma
et al. (2020), they concluded that this population has ve-
locity dispersion similar to that of a 2 Gyr-old population.
They suggested that these might be some other population
of stars which mimics RR Lyrae. We note, however, that
a rotationally selected sample is by definition kinematically
biased (towards small velocity dispersions), while the sam-
ple used by Sharma et al. (2020) to fit the AVR is complete,
and this could potentially lead to the conclusion of a younger
population.
The solution of this conundrum provided by our results
is that a thin disc population of old RR Lyrae is not a prob-
lem in the first place. Our results show that the existence
of these old thin disc stars suggests an early co-formation
of thin and thick discs, a scenario in which the existence of
RR Lyrae in the thin disc is naturally accommodated. In
this sense the RR Lyrae are no different from other old pop-
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ulations of stars, a fraction of which is also α-poor, thin and
rapidly rotating like the thin disc.
6 CONCLUSIONS
In this work, we use the catalogue of Sanders & Das (2018)
and select old stars (τ > 10 Gyr) within 2 kpc from the Sun.
After applying several quality cuts, our final sample consists
of N = 23,795 (turnoffs + giants) stars with full 6-D phase-
space coordinates from Gaia-DR2. We use these to integrate
orbits in an assumed Galactic potential, determining peri
and apo-center radii, eccentricities and maximum vertical
excursions. For a smaller sub-sample of N = 1049 (turnoffs
+ giants) stars, we obtain [Mg/Fe] and [Fe/H] abundances
from APOGEE-DR16 and chemically split this subsample
into halo, thin and thick disc stars. At the end, we com-
pare the obtained results with those from a simulated galaxy
which forms clumps in its early evolution. Our main conclu-
sions are summarized below:
• Chemical thin disc stars represent a significant fraction
of our sample of old stars, with star counts comparable to
those of the chemical thick disc – see Table A1. We interpret
this as evidence that the thin disc formation starts early,
with a large time overlap with the formation of the thick
disc.
• The rper distribution of old stars has three peaks,
one at rper ≈ 0.59 kpc, one at rper ≈ 5.4 kpc and another at
rper ≈ 7.14 kpc. This confirms the findings of Prudil et al.
(2020), who showed evidence for three rper peaks using a
sample with 314 RR Lyrae stars.
• The first peak (at rper ≈ 0.59 kpc) is associated to the
stellar halo. The other two peaks have distinct contributions
from both the thin and thick discs;
• In both the thin and thick discs, stars contributing to
the second rper peak are those with higher eccentricities,
while stars contributing to the third rper peak are those on
nearly-circular orbits. We suggest (and confirm with the sim-
ulation) that the third peak is produced by stars which mi-
grated from inner radii, while the second peak is mostly due
to non-migrating stars.
• In the Solar Neighbouhood, ∼ 1/2 of the old thin disc
stars can be classified as migrators, while for the thick disc
this fraction is reduced to ∼ 1/3.
• Thin and thick discs are differently affected by radial
migration inasmuch as they have different eccentricity dis-
tributions. Therefore, thick disc stars on nearly-circular or-
bits are as affected by radial migration as thin disc stars in
nearly-circular orbits.
• Our results disfavor sequential formation models, such
as the upside-down scenario, where the thin disc only starts
to be significant after the thick disc is formed.
• Among the models which predict an early co-formation
of thin and thick discs, the clumpy star formation scenario
seems to be favoured by our results, which is demonstrated
by a good agreement between observational and simulated
trends.
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τ d |R−R | |z | N Thick Thin
[Gyr] [kpc] [kpc] [kpc]
>10
<0.5 – – 222 40% 50%
<2 – – 1049 54% 29%
– < 2
< 2 1489 52% 26%
< 6 2238 46% 17%
0.3< |z |<6 1909 48% 12%
< 0.3 330 37% 54%
>11
<0.5 – – 124 46% 37%
<2 – – 573 54% 25%
– < 2
< 2 759 48% 25%
< 6 1036 41% 18%
0.3< |z |<6 849 41% 12%
< 0.3 187 38% 48%
Table A1. Simple estimates of the effect of selection effects in the
cross-match with APOGEE-DR14: for different age and geometric
cuts, the right-hand columns show the fractions of thin and thick
disc stars compared to the total sample (including halo stars, not
shown). The fiducial cut for τ > 10 Gyr, and the corresponding one
with τ > 11 Gyr, are shown in boldface. Cuts intended to suppress
(inflate) the thin disc contribution are shown in red (blue). The
fraction of thin disc stars is & 17%, even considering cuts intended
to suppress the thin disc.
APPENDIX A: GEOMETRIC CUTS AND
SELECTION EFFECTS
In Sec. 3.2, we present the fractions for the thin and thick
discs in our sample of old stars in the fiducial cut (ages
τ > 10 Gyr and distances d < 2 kpc). This cut obviously in-
troduces some selection effects and that fractions should not
be seen at face values. In this appendix, we make a simple
evaluation of the selection effects by varying the cuts and re-
calculating those fractions. Additionally to the fiducial cut,
we select stars with τ > 11 Gyr and within the Solar cylinder,
i.e. (|R−R | < 2 kpc) and different cuts in |z |. The number
counts in the cross-match with APOGEE and the fractions
of thin and thick disc stars for different combinations of these
cuts are shown in Table A1. Generally speaking, the thin
disc stars correspond to ∼ 20 − 30% of the samples (with
slightly larger or smaller fractions for cuts intended to sup-
press or increase the thin disc contribution), while the thick
disc corresponds to ∼ 40 − 55%. Regardless of exact values,
this indicates that the thin disc represents a significant com-
ponent of the old Milky Way.
Another finding of this paper is the significant fraction
of chemical thick disc stars in the region of the geometric
thin disc, i.e. at small zmax. This could in principle be flawed
by the suppression of thick disc stars with large zmax in the
fiducial cut. Fig. A1 shows that the thick disc indeed extends
to high zmax when selecting stars with |z | < 6 kpc (dashed red
curve). However, its distribution still peaks at zmax ∼ 1 kpc
and has a significant population with low zmax.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. KDE of zmax for old stars in the thin and thick discs
(blue and red, respectively) in the cross-match with APOGEE-
DR14 within cylindrical regions around the Sun (R − R < 2 kpc)
– see Table A1 for details. While the thin disc KDE is changed
for the different cuts, the thick disc extends to much larger zmax
when we select stars with |z | < 6 kpc. However, even in this case,
a significant fraction of chemical thick disc stars are confined to
the geometric thin disc, i.e. have low zmax.
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